Introduction
Electrostatic phenomena in membranes play a crucial role in many processes ranging from bind ing o f charged species, over insertion and orienta tion o f integral membrane proteins to membrane transport [1] . The electrostatic properties o f lipid bilayers are determined by the surface density of charges and their distribution within the headgroups o f the particular lipid molecule along the m em brane norm al as well as over the two leaflets.
Electrostatic properties can be probed with car rier ion complexes via the measurement of current/ voltage characteristics (//{/-characteristics). F or a symmetric lipid bilayer (under symmetric solution conditions) symmetric //{/-characteristics are ob tained from which a symmetric trapezoidal poten tial barrier for the carrier-ion complex can be de rived.
//{7-curves of membranes with an asymmetric lipid distribution may be asymmetric. This can be refered to an asymmetric potential barrier. Asym m etric potential barriers have been observed in membranes with an asymmetric distribution of the surface charge density [2] , in membranes with a symmetric distribution of the charge density but with an asymmetry with respect to the headgroup conform ation o f the two leaflets [3] as well as for symmetric membranes with solution asymmetry [4] .
An extreme asymmetry both in the charge densi ty and the headgroup conform ation is exhibited in the lipid matrix o f the outer membrane of Gramnegative bacteria. The inner leaflet of this mem brane is composed o f a phospholipid mixture (PL) of phosphatidylethanolam ine, phosphatidylglyc erol and cardiolipin in a m olar ratio o f 81; 17:2 [5] . The outer leaflet is composed exclusively of lipo polysaccharide (LPS). U nder physiological condi tions, o f the phospholipids only phosphatidylglyc erol molecules carry one negative charge each, whereas each LPS molecule carries at least 4 nega tive charges. Since the LPS molecule requires approx. twice the surface area (1.10 nm 2, [6] ) as com pared to diacyl phospholipids with the same length o f the hydrocarbon chains (0.55 nm 2, [7] ), the resulting specific surface charge densities are -0.61 As/m 2 (-3.81 e0/nm 2) and -0 .0 5 As/m 2 (-0 .3 1 e0/nm 2), respectively.
Furtherm ore, LPS differs considerably from phospholipids in its chemical structure and its con form ation. It is composed o f an oligo-or polysac charide moiety, which is covalently linked to a lipid com ponent termed lipid A which anchors the LPS molecule in the m embrane [8] . Lipid A con-
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sists of a ß-D-glucosaminyl-(l->6)-a-D-glucosamine disaccharide, phosphorylated in positions 1 and 4', which carries in ester and amide linkage up to seven hydroxylated and non-hydroxylated satu rated fatty acid residues [9] . The length and com position of the sugar moiety depends on the kind of the bacterial m utant. In the present investiga tion, mainly deep rough m utant LPS Re was used consisting of the lipid A moiety and two additional 2-keto-3-deoxyoctonate (Kdo) monosaccharides.
From the unusual architecture o f the outer membrane, electrostatic characteristics deviating from those known for various phospholipid mem brane systems should be expected. To obtain in form ation on the role o f LPS for the electrical properties of the outer mem brane, we have measured //{/-characteristics for asymmetric LPS/ PL bilayers composed of deep rough m utant LPS Re doped with the K +-carrier valinomycin. The evaluation of the asymmetric //{/-characteristic gave evidence for an extremely high dipole poten tial of the LPS leaflet.
Materials and Methods
P reparation o f m em branes an d electrical m easurem ents
Asymmetric planar bilayers were prepared es sentially according to the M ontal-M ueller m ethod as has been previously described in detail [10] . Briefly, asymmetric bilayers were formed by ap posing monolayers prepared on two aqueous sub phases from chloroform solutions of LPS and PL, respectively, at a small aperture punched into a thin teflon foil (12.5 |im thickness). Clear solutions of LPS Re in chloroform /methanol (9:1 by vol ume) were obtained by heating the suspension to 80 °C for 5 min. Diameters of the aperture were typically 200 |im and the teflon foil was pretreated with a 20:1 (vol/vol) hexane/hexadecane solution. The phospholipid mixture PL consisted of bacteri al phosphatidylethanolam ine (PE) from E. coli, phosphatidylglycerol (PG) from egg yolk lecithin and cardiolipin from bovine heart in a m olar ratio of 81:17:2. These lipids as well as phosphatidyl choline (PC) from bovine brain and dipalmitoyl phosphatidylcholine (DPPC) from egg yolk PC were purchased from Sigma (Deisenhofen, F.R.G .). Deep rough m utant LPS Re from E. coli strain F515 (chemical structure see Fig. 1 ) was ex tracted by the phenol/chloroform /petrol ether method [11] , purified and lyophilized according to standard procedures [12] , F or the evaluation o f the //{/-curves only such experiments were used, in which the first attem pt to form a stable membrane was successful. This way, a possible lipid exchange between the two com partments of the test cham ber was excluded. The membrane area was typical ly 2 x 10~2 mm 2.
As aqueous subphase Hepes buffer was used containing 100 m M KCl and 10 m M MgCl2, but no Ca2+. The pH was adjusted to 7. MgCl2 served for a stabilization of the LPS leaflet. The valinomycin concentration was 2 x 1CT7 m.
The electrical measurements were performed using a voltage clamp set-up connected to the m em brane via a pair o f Ag/AgCl-electrodes. To avoid a hysteresis in the //[/-curves, the clamp voltage was changed at a sweep rate of 4 mV s_1. F or the evaluation, both the clamp voltage and the current signal were digitized and stored with a m icrocom puter system.
The voltage is defined as positive when the cur rent flows from the PL side across the membrane to the LPS side. M easurements were conducted at 37 °C, i.e. in the liquid crystalline state of the hydrocarbon chains o f as well PL as of LPS [6] ,
Theory
The evaluation of the //£/-curves was done ac cording to a protocol by Schoch et al. [4] , In the approxim ation given in this reference, the current I is given as function of the voltage U applied with the voltage clamp by
where K is a constant for each individual mem brane (depending, among others, on the absolute area and the thickness). The meaning of the pa rameters n x, n2 and A<I>, which describe the shape of the trapezoidal energy barrier, is illustrated in Fig. 2 (for details see [3, 4] ). T and k have their usual meanings. The parameters nx, n2 and A<I> were determined from the experimental curves by com puter fitting to Eqn. (1) .
F or the interpretation of the experimental curves it is useful to calculate the surface potentials C>s on the LPS and PL side, respectively, which can be estimated from the Gouy equation [13] 2 -k -T . . 1 
Results and Discussion
In Fig. 3 , the I /U -curve for the asymmetric LPS/ PL bilayer doped with valinomycin is plotted. A p parently, the course o f the measured I/U -curve shows an inverse behaviour to that of Fig. 2 which was calculated exclusively on the basis o f the esti m ated Gouy-C hapm an potentials.
From the fit o f the experimental data to Eqn. ( 1).
ters n x and n2 were determined to «, = 0.15 and n2 = 0.85. W ith these values o f «, and n2, a best fit of the measured data was achieved, however, the influence o f these param eters on the quality of the fit was relatively weak. This implies that the poten tial borders are not well defined. From the confor mation of the LPS molecule and its orientation in the membrane, it is intelligible that the border be tween the hydrophilic and hydrophobic moieties extends over a relatively wide range, due to the inclination o f about 45° o f the disaccharide backbone of the lipid A part with respect to the membrane norm al [14] .
The com parison of the actual barrier shape (in sert of Fig. 3 ) with that o f the estimated (Fig. 2) shows, that the left corner o f the former is lowered by a potential of approx. -1 7 6 m V . F or this dis crepancy, the following explanations are pro posed:
1. This potential may result from contributions of electrical dipole moments, which themselves are provoked by the particular charge distribution of the headgroup of the LPS Re exhibiting drastical differences as com pared to phospholipids. The electrical charge is distributed over a wide region along the membrane norm al as well as laterally. The extension (length) of the headgroup o f LPS Re was calculated with energy minimization pro cedures to approximately 0.9 nm [15] .
2. It has been shown that many physicochemical param eters of LPS Re (e.g. phase transition tem perature, enthalpy and the three-dimensional supramolecular structure) undergo considerable changes up to water concentrations of approx. 60% [16, 17] . This may be explained by binding of a large number o f water molecules in the head group area of LPS. A fraction of these bound water molecules may be oriented and, thus, con tribute to a resulting electrical dipole moment.
The LPS leaflet of the reconstituted outer mem brane has a higher state of order of the acyl chains at the measuring tem perature of 37 °C than the phospholipid leaflet [18] . To rule out the possibili ty that the observed asymmetry in the //t/-curves results from this asymmetry in the state of order, we have performed a number of experiments with phospholipid membranes having an asymmetry in the state of order but not in the charge density and vice versa. We found that membranes from PC on one side and from 1:1m PC/D PPC on the other side, the latter having a considerably higher state of order at 37 °C, gave rise to symmetric I/Ucharacteristics, whereas only phospholipid bi layers with an asymmetry in the charge density but a symmetry in the state of order (e.g. PC/PG) led to asymmetric I/U-curves. Also the lowering o f pH on one side of a symmetric PE/PE bilayer led to an asymmetry in the a priori, under symmetric pH conditions, symmetric //^/-curves.
To study the influence of the chemical structure of LPS on the dipole potential, we have measured I /U -curves for membranes composed on one side of phospholipids and on the other side of LPS from Rd,~ or R d ,+ of Salm onella m innesota strains R 7 and Rz, respectively. LPS R d," possesses one further Kdo and two heptoses as compared to LPS Re, and for LPS R d ,+, the heptose units carry, in addition, one phosphate group each. Thus, both LPS Rd, have a significantly longer sugar chain and LPS R d ,+ moreover twice as many phosphate groups as LPS Re. The actual potential difference measured for the PL/LPS R d ," was -4 0 to -5 0 mV, i.e. approximately only half of that o f the PL/LPS Re system, and that for the PL/LPS R d ,+ bilayer was again reduced by a factor of two. For the PL/LPS R d ," system, part of this effect can be explained by a reduction of the Gouy-Chapm an potential due to the additional negative charge at the third K do molecule. However, this does not explain the difference to the total potential of PL/LPS Re satisfactorily. It seems rather that the electrical dipole mom ent in the headgroup of the LPS Rd,~ is reduced by the larger sugar portion. The further significant reduction of the potential for the PL/LPS R d ,+ system can hardly be ex plained by assuming that the dipole potential re sults exclusively from the headgroup of the LPS. It seems likely th at the incorporation of cations and alignment o f w ater molecules contribute to its value. Furtherm ore, changes of the headgroup conform ation by the addition of further sugar units cannot be safely predicted. Therefore, it is not known whether the additional heptose units contribute to an elongation o f the headgroup and how the negative charges might influence the lat ter. M odels based on energy minimization con cepts [15] cannot unrestrictedly be applied to the "real" structure because they were performed with single molecules in vacuo, i.e. by neglecting the in fluence of water and cations.
From a biological point of view, two parameters of the potential energy barrier are o f importance, the potential gradient inside the membrane affecting the activity o f intrinsic proteins and the potential between the bulk subphases influencing membrane fusion and the interaction of the mem brane with soluble molecules [4] . F or the function of porins and other outer mem brane proteins, the potential gradient inside the bilayer plays only a m inor role whereas the surface potential (GouyChapm an) is of m ajor importance. However, with in a small transition range also the inner potential might be crucial for the orientation of proteins within the membrane. O ur results clearly indicate that the potential gradient inside the membrane cannot be estimated from the "surface potential" as the exclusive param eter, and, moreover, they show that particular headgroup conform ations may even reverse the direction of the field.
